The simulation of controlled/living radical copolymerization (CRcP) is conducted using the method of Monte Carlo. Target Markov chains are obtained by calculating transfer probabilities instantly. The statistical results which are all the functions of conversion are obtained, including cumulative composition, segment length distribution, dyad and triad concentrations. The effect of reaction parameters on gradient structures is investigated, including initiation rates, monomer feed ratio and reactivity ratios. The results show that reactivity ratios, monomer feed ratio and conversion are more important parameters that can affect gradient structure than initiation rates. Initiation rates can cause difference in sequence structures at early stage of copolymerization and affect cumulative compositions continuously to a moderate degree. Monomer feed ratio mainly affects the fore-head of gradient copolymers while conversion simply affects the rear-end of gradient copolymers. The results of segment length distribution show that with the increase of difference in reactivity ratios, the distribution changes from Flory distribution which indicates random structure to Poisson distribution which indicates block composition.
Introduction
Gradient copolymers, in which the instantaneous composition changes continuously from one end of the chain to another, have been prepared by control/living radical copolymerization (CRcP) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . As shown in Scheme 1 [9] , the structure of gradient copolymers is in contrast to block copolymers, which have no change in composition until the crossover between the two blocks; and it is also contrary to random copolymers, which have no continuous change in average instantaneous composition along a chain. This kind of material can blend the properties of two or more materials in a continuous manner from one area of the material to another. Nevertheless, the physical properties of gradient copolymers are dependent on both the comonomer composition and the arrangement of the comonomers in the polymer chain. In order to study the comprehensive properties of gradient copolymers, the sequence statistic structure of gradient copolymers must be investigated.
After CRcP emerged, Arehart and Matyjaszewski [4] once proposed such questions: Do exchange reactions between active propagating radicals and its dormant species affect the average composition? Does the form of the bivariate distribution of composition depend on the catalytic system and exchange dynamics? How different is this bivariate distribution from that produced in conventional radical copolymerization? Data on copper-catalyzed atom transfer radical polymerization (ATRP) of methyl methacrylate and n-butyl methacrylate using Schiff bases as complexing ligands indicate that radicals generated under these conditions have chemoselectivities similar to those of radicals generated in a conventional process [12] . Arehart [4] found out the copolymer composition of atom transfer radical copolymers is almost the same as that of conventional free radical copolymers. Meanwhile, this similarity is independent of temperature, initiator concentration and catalyst concentration. ATRP of n-butyl acrylate and the methyl methacrylate indicates good agreement of the reactivity ratios between conventional and controlled radical copolymerization [13] . When it comes to the copolymer composition, usually it is thought that there are no differences between CRcP and conventional radical copolymerization except a slight deviation at lower conversion, and the exchange reactions between active propagating radicals and the dormant species have no effect on the selectivity of the radicals. The above research results show that gradient structures resulted from monomer transfer were the same between the products of the conventional radical copolymerization and CRcP.
Scheme. 1. Schematic representation of the composition in block, gradient and random copolymers. : monomer A, • : monomer B. However, at a macroscopic level, the polymers formed by the two reactions will be quite different. A conventional copolymerization will give a blend of polymers with slightly different comonomer ratios due to compositional drift. The microcomposition throughout any single chain will be the same along its entire length with the variation being on a chain-to-chain basis. Conversely, a controlled polymerization will give a gradient copolymer (where there is a microcomposition gradient due to compositional drift) but each chain will have the same microcomposition gradient. In this sense, a criterion needs to be employed to analyze the micro structure of gradient copolymers. Although there are some reports about composition structure of gradient copolymers, the micro-sequence structure of them was not studied by both theory and experiments.
The traditional method to characterize micro-sequence structures of copolymer is NMR, which can just measure dyad and triad concentrations [14, 15] . This method cannot avoid the effect of initiation, experimental conditions on the structure of copolymers. However, computer simulation can resolve this problem and keep track of the polymerization process. Moreover, the Monte Carlo method has been widely used in polymer science [16] . In respect of polymer chemistry, it has been used to investigate kinetics of polymerizations and molecular weight distribution of the products [17] [18] [19] [20] [21] . It appears that this stochastic method is more powerful than deterministic methods when facing the fields above. As far as we know, there have been no reports of Monte Carlo simulations on sequence statistic structure of gradient copolymers.
In this paper, Monte Carlo simulations on CRcP were conducted by programming language C ++ . Target Markov chains were obtained by calculating transfer probabilities instantly. The statistical results that reflect the structural information such as cumulative composition, average dyad and triad concentrations, segment length distribution were obtained. The factors that affect the gradient structure were discussed. It is believed that all the simulation results provide an avenue to further characterize the microstructure of gradient copolymers.
Kinetic modeling and simulation method
For a typical CRcP process, chain initiation and propagation include the following reactions, 
The Monte Carlo simulation program is composed of the following steps: (c) Judge whether the chain is in initiation stage or in propagation stage.
(d) If the chain is in initiation stage, a stochastic number r 2 is generated to determine the initiator to react with monomer A or B, and p IA and p IB are calculated by Equation (1) and (2) instantly. According to p IA + p IB = 1, when r 2 is in the range of 0 ≤ r 2 < p IA , the initiator combines with monomer A. On the other hand, when r 2 is in the range of p IA ≤ r 2 < p IA + p IB , the initiator combines with monomer B. If the monomer concentration does not change to 0, simulation continues from step b.
(e) If the chain is in propagation stage, the end radical A· or B· will be differentiated. If end radical is A·, a stochastic number r 3 is generated to determine A· to react with monomer A or B. p AA and p AB are calculated by Equation (3) and (4) instantly. According to p AA + p AB = 1, when r 3 is in the range of 0 ≤ r 3 < P AA , the end radical A· combines with monomer A; when r 3 is in the range of p AA ≤ r 3 < p AA + p AB , the end radical A· combines with monomer B. If end radical is B·, similar procedure is conducted. When 0 ≤ r 4 < p BA , the end radical B· will react with monomer A; when p BA ≤ r 4 < p BA + p BB , the end radical B· will react with monomer B. Similarly, if the monomer concentration does not change to 0, simulation continues from step b. 
where
The results of simulation show that monomer B is predominant at the end of polymer chain because the concentration of monomer B is much higher than monomer A at high conversion. When copolymerization is completed, conversion x=1, the values of the curve, F A and F B, satisfy 
Under the given condition, the dots of F A and F B are symmetrical about line, Y=0.5, and satisfy F A + F B =1 at any conversion. When feed ratios are changed, the curve still satisfies Equations (11) - (14), though the property of symmetrical is damaged. And equation (11) -Cumulative concentrations of dyad in copolymers Fig. 3-4 show the relationships between concentration of dyad and the total monomer conversion. Since r A > r B , monomer A is easier to incorporate into polymer chains than monomer B at the beginning of the polymerization. With consumption of monomer A, concentration of monomer B increases. At the end of copolymerization, p AB and p BB will be much bigger than p AA and p BA . Then, monomer B will easily enter into polymer chains than monomer A. The curve of F AA falls monotonously while the curve of F BB rises monotonously. In curves of F AB and F BA , there appears a maximal value at a certain conversion. Obviously, at any conversion, simulation results satisfy F AA + F BB + F AB + F BA = 1. According to the probability of sequence reversible, F AB = F BA . The results of Fig.4 satisfy this relationship basically. But the difference between two curves still exists. For the polymer chains with limited length, the value of F AB is bigger than F BA when the head-end is monomer A (or segment A) and the rear end is monomer B (or segment B). With the lengthening of polymer chains, the difference will be reduced. This phenomenon can be observed obviously under high conversion (rich B segment has generated). However, the difference is not so obvious under lower conversion because A rich segment does not generate. The same case also exists when it comes to the concentrations of triads. 
Average segment length
The trend of homopolymerization can be observed by simulation on average segment length. Fig. 9 show relationships between the average length of segment A , B and total monomer conversion, respectively. At the beginning of the polymerization, homopolymers of A are predominant and average length of segment A is increasing. At the end of polymerization, as monomer A has consumed almost completely, average length of segment A does not change any more and average length of segment B propagates with a steady rate. 
Segment length distribution
Segment length distribution can show all information about sequence structure. The segment length distribution of a steady state Markov chain, in which transfer probabilities do not change, is a Flory distribution. The full information about sequence structure can be got by this distribution. However, the theoretical function of distribution about gradient copolymers has not been established till now. When r A : r B = 10 : 0.1 (Fig.10) , the curve of segment length distribution of monomer A which is similar to Flory distribution is not a Flory distribution indeed. If reactivity ratios satisfy r A =r B , distribution is a strict Flory distribution because all the transfer probabilities are constants under this condition. Changing reactivity ratios continuously, the results of simulations demonstrate that with the difference of reactivity ratios getting bigger, segment distribution moves to long segment length and forms a peak gradually. Meanwhile, the peak is getting larger and stabilizes at segment length 50 (the number of monomer A) as shown in Fig. 11 . The extreme state is a Poisson distribution and its segment length is 50. Ideally, the number of monomer A and monomer B is equal to 50 in every chain, considering the ratio of monomers and initiator. It demonstrates that copolymers formed under this situation are block copolymers and the progressive change of the maximum segment length distribution from less than 50 to 50 is a process of gradient copolymers turning into block polymers. The result of simulation shows that segment length distribution function of gradient copolymers should be composed of two elements at least. One indicates property of random and the other indicates property of block. A feature must be mentioned is that the program not only can investigate copolymers' structure, but also can examine the molecule weight of homopolymers. When reaction parameter, N A,0 =0, is set, the segment length distribution represents the molecule chain length distribution of homopolymers which are composed of monomer B. Theory and experiment have demonstrated that the molecular weight distribution of living polymerization without dormant state or exchanging very fast between the active propagating radicals and the dormant species is a Poisson distribution in CRcP [22, 23] .
Influence of initiation rates on gradient structure
In order to investigate the effect of initiation rate, we set the ratio of K IA and K IB as k IA : k IB = 1: 10 5 , 10: 1, 10 5 : 1. Fig.12a, b and Fig. 13a , b plot the relationships of triad and cumulative concentration with the total monomer conversion. The results show that choice of initiator can cause the difference of sequence structure at early stage of polymerization and this effect disappears with the propagation of polymer chain. At the early stage, the Equation (11) resulting from the effect of initiation cannot be applied. In conventional radical copolymerization, Equation (11) is often used at low conversion. However, in CRcP, the reaction at low conversion is not under steady condition. On the other hand, it indicates that the initiation rates can be obtained by testing triad concentration or cumulative composition of products at low conversion. 
Influence of reactivity ratios on gradient structure
Fig.14 shows the relationship between the concentration of BBB triad and the total monomer conversion with different reactivity ratios. Influence of different reactivity ratios on the gradient structure can be easily investigated using Monte Carlo simulations. When r A : r B = 10: 0.1 and 0.1: 10, the changing trend of curves is different. The former increases monotonously while the latter falls monotonously with the increase of conversion. When r A : r B = 10: 0.1 and 3: 1, the changing trend of curves is similar. However, the rise rate is different. This indicates that the effect of different reactivity ratios on gradient structure is obvious. Fig.15 illustrates the relationship of cumulative composition versus total conversion. To demonstrate the feasibility and usefulness of our algorithm, the parameters of simulation are set as those used by Matyjaszewski who simulated cumulative composition of gradient copolymers with software, Predici [9] . The results of our simulations are almost the same with that of Matyjaszewski. In a living system, this composition change will be evident along the chain, whereas in a conventional radical polymerization this change in composition would be manifested among chains. It is seen that the gradient is non-existent for monomer pairs whose reactivity ratios are r A = r B . Figure 15 also illustrates that for pairs whose reactivity ratios are both less than 1, such as r A = 0.8 and r B = 0.2, the change in composition is relatively slight. The gradient is more apparent for copolymerizations with large differences of reactivity ratios. Three examples of this behaviour are shown in Fig. 15 , r A = 2, r B = 0.5; r A =3, r B = 0.3 and r A = 10, r B = 0.1. As the difference of reactivity ratio increase, the gradient in composition will be more obvious. The results show that the influence of reactivity ratios on sequence structure is critical; it determines how to prepare gradient copolymers and how to control gradient structure. With respect to part B, changing monomer feed ratio can expand or compress this part. But the rise rate of BBB triad which relates to gradient structure is almost the same in different monomer feed ratios. Using statistical method to analyze this phenomenon, BBB triad is affected not only by the B concentration but also by transition probabilities of p AB and p BB , which are functions of N A /N B and r B as shown in Equation (4) and (6) . N A /N B depends heavily on monomer feed ratios. Fig.17 shows cumulative composition in a copolymerization of monomer A and B with constant reactivity ratios (r A = 0.8; r B = 0.2) but different initial monomer feed ratios. The parameters are also set as those used by Matyjaszewski [9] . The curves of simulation are almost the same with those of Matyjaszewski. The variance in the gradient demonstrates that changing of initial feed ratio significantly affects the shape of gradient. Since the shape of the gradient formed in batch copolymerizations depends on the reactivity ratios of the two monomers and their concentration in the initial reaction feed, additional manipulation of the gradient shape may be accomplished by feeding one comonomer during the polymerization.
Conclusions
The sequence statistical structures of gradient copolymers were investigated using Monte Carlo method. The structural parameters which are functions of conversion were obtained for the first time, including cumulative composition, dyad and triad concentrations, segment length distribution. The cumulative composition of gradient molecule rises or reduces with the increase of conversion monotonously and there is a knee point under a certain conversion. The curves of homopolymerization dyad (AA, BB) and triad (AAA, BBB) concentrations also change monotonously and show a knee point. The heteropolymerization triad (AAB, ABA, ABB, BBA, BAA, BAB) concentrations emerge maximum value under a certain conversion. The segment length distribution shows that with the increase of r A /r B , the distribution function changes from Flory distribution to Poisson distribution, which provides a way to get the theoretical function of segment length distribution for gradient copolymers. Analysis of factors that affect the gradient structure indicates that reactivity ratios, monomer feed ratios and conversion is more important parameters than initiator. Moreover, reactivity ratios determine the copolymer composition and the changing trend of triad concentration.
Since composition drift occurs along the chain in a controlled/living polymerization, it is too complicated to examine detailed information of the entire chain from experimental methods. Our results from Monte Carlo method increase the knowledge on characterization of gradient copolymers. Even though many questions remain open, our findings establish a base for accurate characterization of gradient copolymers.
